The emergence of carbapenemase-producing bacteria poses a new challenge in the management of antibiotic therapies for patients. This report describes a new method using ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) for rapid detection of carbapenemase activity in enterobacteria, Pseudomonas aeruginosa, and Acinetobacter baumannii. In a panel of 78 isolates, including 41 carbapenemase-producing strains, the ULPC-MS/MS assay showed 100% agreement with molecular characterization, whereas six carbapenemase-producing isolates were not detected by the modified Hodge test.
T
he emergence and dissemination of resistance to carbapenem in Gram-negative pathogens such as Enterobacteriaceae, Acinetobacter baumannii, and Pseudomonas aeruginosa represent a challenge for optimizing antibiotic therapies and preventing outbreaks, especially regarding carbapenemase-producing bacteria, by comparison to other resistance mechanisms. Using the Ambler classification of beta-lactamases, the principal carbapenemase enzymes detected in infected patients worldwide belong to class B (metallo-beta-lactamases, including IMP, VIM, and NDM), to class A (beta-lactamases, including Klebsiella pneumoniae carbapenemase [KPC] ), and to class D (oxacillinases, including OXA-48 and OXA-23). Moreover, clinical infections due to these carbapenemase-producing strains, which are also resistant to most betalactam antibiotics, are associated with higher morbidity and mortality (1) . Bacterial resistance to carbapenem is usually screened using susceptibility and phenotypic assays such as the modified Hodge test (MHT) (2) . However, these tests have shown poor sensitivity and specificity in detecting carbapenemase-producing isolates, especially in A. baumannii (3) . While PCR-based detection of the carbapenemase gene is considered the gold standard method, in view of the high genetic diversity of genes coding for carbapenemase, numerous PCR assays targeting the most prevalent enzymes must be developed in this approach (2, 4) . Recently, mass spectrometry (MS) technologies, such as matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), have been shown to be capable of characterizing carbapenemase-producing bacteria (5, 6, 7, 8) .
This study reports on a rapid UPLC-MS/MS assay to detect carbapenemase-producing Enterobacteriaceae, P. aeruginosa, and A. baumannii isolates based on the ability of bacterial isolates to hydrolyze ertapenem and meropenem in solution.
A total of 78 bacterial strains (27 reference strains and 51 strains isolated from clinical samples) were included in the study: 41 carbapenemase-producing strains (including 23 enterobacterial strains, 3 P. aeruginosa strains, and 15 A. baumannii strains) and 37 strains susceptible to carbapenems or harboring decreased susceptibility to carbapenems due to non-carbapenemase-based mechanisms. Escherichia coli ATCC 25922 and Citrobacter freundii NDM-1-positive strains were used as the negative and positive controls, respectively. All isolates were tested using imipenem, meropenem, and ertapenem MICs (Etest; bioMérieux, Marcy l'Etoile, France) and by the MHT following the CLSI recommendations (9) . The molecular mechanism involved in carbapenem resistance was determined by PCR assays targeting bla NDM-1 , bla VIM , bla IMP , bla KPC , bla OXA-48 , bla OXA40 , and bla OXA23 genes as previously described (10, 11, 12, 13) . All carbapenemase-producing clinical strains were sent to the French Reference Centre on Emerging Antibiotic Resistance (Paris, France) for molecular characterization and clone determination. In addition, each strain was also subjected to the UPLC-MS/MS assay, which measures carbapenem hydrolysis in a solution spiked with the test bacterial strain. Briefly, the strains were cultured overnight on MuellerHinton agar (bioMérieux, La Balme Les Grottes, France) and the bacteria were dissolved in normal saline solution and adjusted to McFarland standard 4. A 1-ml volume of this suspension was incubated with 5 mg/ml of ertapenem in a first tube (TRC Products, Molsheim, France) and with 5 mg/ml of meropenem in a second tube (TRC Products) for 3 or 4 h at 36°C under conditions of smooth agitation. The suspensions were then centrifuged at 12,000 ϫ g for 5 min, and 300 l of the supernatant was mixed with 700 l of methanol containing an internal standard (meropenem d6; TRC Products). The suspensions were centrifuged again at 12,000 ϫ g for 5 min, and 200 l of the supernatant was mixed with 800 l of water. The concentrations of ertapenem and meropenem were measured using a UPLC-MS/MS system comprising an Acquity UPLC apparatus (Waters, Milford, MA) coupled to an Acquity tandem quadrupole detector (TQD) (Waters). Briefly, the chromatography step was performed using a BEH C 18 column (Waters) eluted with mobile phases A (0.1% formic acid in acetonitrile) and B (0.1% formic acid in methanol), with an initial composition of 5% solution B. The volume of injection was 5 l. The flow rate was 1 ml/min, and a 5% to 95% gradient was monitored for 1.5 min. Under these conditions, ertapenem and meropenem were eluted after 0.97 min and 0.48 min, respectively. The detection step by tandem mass spectrometry was done using an electrospray ionization interface in positive multiple-reactionmonitoring mode. Optimized multiple-reaction-monitoring settings include cone voltage (24 V for ertapenem and 18 V for meropenem) and collision energy (26 eV for ertapenem and 16 eV for meropenem). The transitions of [M-H]ϩ precursor ion products were a 476.0 to 114.0 m/z ratio for ertapenem, 383.9 to 254.1 m/z for meropenem, and 390.1 to 147.1 m/z for the internal standard (meropenem D6) (Fig. 1) . Quantification of ertapenem and meropenem was done using the MassLynx software package (v4.0; Waters). The calibration curve for the matrix was linear over a concentration range of 0.5 to 10 mg/liter with a correlation coefficient value greater than 0.9. The rate of hydrolysis of ertapenem and meropenem was calculated by dividing the carbapenem concentration after the incubation step by the preincubation carbapenem concentration. Preliminary kinetic studies of ertapenem and meropenem degradation were performed for 5 carbapenemresistant strains. Although hydrolysis of carbapenem in solution occurs within 3 h for NDM-1-and KPC-producing enterobacteria, the incubation time had to be increased to 4 h in order to detect the carbapenemase activity of one CHDL-producing strain of A. baumannii, one VIM-producing strain of P. aeruginosa, and one OXA-48-producing strain of K. pneumoniae (data not shown).
The results of the UPLC-MS/MS assays for the 78 isolates showed 100% agreement with molecular characterization (Table  1 ) and were consistent with the results published by Carvalhaes et al. using 73 strains, including SPM-1-producing P. aeruginosa and CHDL-producing A. baumannii (8) . For the 37 non-carbapenemase-producing strains, the mean hydrolysis rates were 2.3% (range, 0% to 17%) and 1.9% (range, 0% to 10.4%) for meropenem and ertapenem, respectively; by comparison, for the 41 carbapenemase-producing strains, the mean hydrolysis rates were 84.6% (range, 38.3% to 100%) and 88.0% (range, 45.5% to 100%), respectively (P Ͻ 0.0001, Mann-Whitney test) (Fig. 2) . The rate of ertapenem or meropenem hydrolysis was greater than 30% for all carbapenemase-producing strains. The natural oxacillinase OXA-51 of A. baumannii was not detected by the UPLC-MS/MS, whereas overproduction of this enzyme leading to decreased carbapenem efficacy was unambiguously detected (Table  1) . In contrast, none of non-carbapenemase-producing isolates were able to hydrolyze ertapenem or meropenem at a rate of greater than 20%, even in multidrug-resistant (MDR) strains with overproduction of cephalosporinases or extended-spectrum ␤-lactamases. Accordingly, strains yielding carbapenem hydrolysis rates greater than 20% are tested using molecular assays in our routine practice. The UPLC-MS/MS method was able to detect all carbapenemase-producing strains (sensitivity, 100%; 95% confidence interval [CI], 91.4% to 100%), whereas only 32 of 41 (sensitivity, 78.1%; 95% CI, 62.4% to 89.4%) carbapenemase-producing strains were detected by MHT (P Ͻ 0.0046, chi-square test), a finding consistent with previous studies reporting both false-positive and false-negative results for MHT (3, 14) . In addition, the correlation between the MIC and the hydrolysis rate was statistically significant, with Pearson coefficient values of 0.57 (95% CI, 0.39 to 0.70; P Ͻ 0.0001) and 0.52 (95% CI, 0.34 to 0.67; P Ͻ 0.0001) for ertapenem and meropenem, respectively. This phenotypic approach could be used in predicting the efficacy of carbapenems when combined with other active antibiotics as suggested by Tumbarello et al. (15) . This correlation should be studied more closely in further studies both by increasing the amount of carbapenem in the UPLC MS/MS assay and by determining the carbapenem MICs in a larger range.
To our knowledge, this is the first report showing the use of UPLC-MS/MS in detecting carbapenemase activity in a broad range of bacterial species, including enterobacteria, P. aeruginosa, and A. baumannii. Like the phenotypic assays already described (3), the UPLC-MS/MS method requires overnight subculture of the strain and is able to detect only phenotypic expression of carbapenemase but no other resistance mechanisms (e.g., MDR pumps, loss of outer membrane proteins [OMP], etc.) that might also impair the clinical efficacy of certain carbapenems. Unlike molecular assays, the UPLC-MS/MS method did not allow identification of the carbapenemase enzyme, failing to provide molecular epidemiological information. Although molecular assays performed directly on the sample are faster than the UPLC-MS/MS method, the latter could be realized only by using an overnight subculture with a significant increased rapidity and sensitivity compared to MHT. Finally, despite the fact that the UPLC-MS/MS platform is clearly more costly than real-time PCR, detection of carbapenemase activity by UPLC-MS/MS could be easily implemented in laboratories already using this technology for measuring carbapenem antibiotic levels in patients. In conclusion, the UPLC-MS/MS assay described in this study is a fast and reliable method to detect carbapenemase activity for a strain irrespective of the enzyme type.
